Collider Probes of Real Triplet Scalar Dark Matter by Chiang, Cheng-Wei et al.
ACFI-T20-02, LA-UR-20-22358
Collider Probes of Real Triplet Scalar Dark Matter
Cheng-Wei Chiang,a,b Giovanna Cottin,c,d,a Yong Du,e Kaori Fuyutof and Michael J.
Ramsey-Musolf g,e,h
aDepartment of Physics, National Taiwan University, Taipei 10617, Taiwan
bInstitute of Physics, Academia Sinica, Taipei 11529, Taiwan
cDepartamento de Ciencias, Facultad de Artes Liberales, Universidad Adolfo Iba´n˜ez, Diagonal Las
Torres 2640, Santiago, Chile
dInstituto de F´ısica, Pontificia Universidad Cato´lica de Chile, Avenida Vicun˜a Mackenna 4860,
Santiago, Chile
eAmherst Center for Fundamental Interactions, Department of Physics, University of Massachusetts,
Amherst, MA 01003
fTheoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
gTsung-Dao Lee Institute and School of Physics and Astronomy, Shanghai Jiao Tong University,
800 Dongchuan Road, Shanghai, 200240 China
hKellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125 USA
E-mail: chengwei@phys.ntu.edu.tw, giovanna.cottin@uai.cl,
yongdu@umass.edu, kfuyuto@lanl.gov, mjrm@sjtu.edu.cn
Abstract: We study discovery prospects for a real triplet extension of the Standard Model
scalar sector at the Large Hadron Collider (LHC) and a possible future 100 TeV pp collider.
We focus on the scenario in which the neutral triplet scalar is stable and contributes to
the dark matter relic density. When produced in pp collisions, the charged triplet scalar
decays to the neutral component plus a soft pion or soft lepton pair, yielding a disappearing
charged track in the detector. We recast current 13 TeV LHC searches for disappearing
tracks, and find that the LHC presently excludes a real triplet scalar lighter than 287 GeV
with L = 36 fb−1. The reach will extend to 608 GeV and 761 GeV with the collection
of L = 300 fb−1 and 3000 fb−1 respectively. We extrapolate the 13 TeV analysis to a
prospective 100 TeV pp collider, and find that a ∼ 3 TeV triplet scalar could be discoverable
with L = 30 ab−1, depending on the degree to which pile up effects are under control.
We also investigate the dark matter candidate in our model and corresponding present
and prospective constraints from dark matter direct detection. We find that currently
XENON1T can exclude a real triplet dark matter lighter than ∼ 3 TeV for a Higgs portal
coupling of order one or larger, and the future XENON20T will cover almost the entire
dark matter viable parameter space except for vanishingly small portal coupling.
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1 Introduction
Deciphering the identity of dark matter (DM) is one of the primary ambitions in parti-
cle physics. The existence was first hypothesized to account for the motion of galaxies
in clusters [1], and subsequently established by various cosmological observations (for a
recent review, see [2, 3]). The latest measurements of the cosmic microwave background
anisotropies show that the energy density of the dark matter is ΩDMh
2 = 0.1198±0.0012 [4]
with the Hubble parameter h in units of 100 km/(s ·Mpc). None of the Standard Model
(SM) particles can satisfy the DM properties, pointing to new physics beyond it. So far,
a plethora of theoretical models have been proposed, indicating a wide mass range of DM
candidates from 10−15 GeV to 1015 GeV. Nevertheless, in recent years, a diverse range of
experimental ideas have been proposed while the existing DM searches have significantly
upgraded their experimental sensitivities.
Weakly interacting massive particles (WIMPs), whose mass range is roughly between
10 GeV and a few TeV, have long been considered an appealing DM candidate. The WIMP
scenario assumes that DM particles are initially in thermal and chemical equilibrium, and
then, freeze out at some point as the Universe expands. A widely discussed realization of the
WIMP scenario is supersymmetry, where the lightest neutralino becomes a DM candidate.
Another viable WIMP candidate is a neutral component of an electroweak multiplet (singlet
under SU(3)C). A comprehensive study of all possible electroweak multiplets has been
– 1 –
done in [5], and the related phenomenology has been studied in a multitude of works [6–
32]. Among these scenarios is a real SU(2)L triplet scalar (Σ) with a zero hypercharge
(Y = 0), which is the simplest extension of the SM scalar sector involving particles carrying
electroweak charge. In this model – the ΣSM– imposing a Z2 symmetry enables the neutral
component (Σ0) to be stable. Previous works have shown that the correct thermal relic
abundance is obtained if the mass of the neutral component is around 2.5 TeV. For this
mass regime, the corresponding search at the Large Hadron Collider (LHC) is challenging.
Nevertheless, the previous study [7] discussed the possibility of distinctive charged track
events at the LHC. In the ΣSM, the (Σ±) and neutral scalars are degenerate at tree level.
However, a one-loop radiative correction generates a small mass splitting ∼ 166 MeV [5].
In this case, the charged scalar becomes a relatively long-lived particle. If such a long-
lived charged particle has a decay length of O(1) cm, it can leave a disappearing track
in detectors. The main decay mode of the charged triplet scalar is Σ± → Σ0pi±, which
results in a decay length cτΣ± = 5.06 cm [5]. Thus, the disappearing track searches have
the great potential to observe the signature of the charged particle. The same strategy has
comprehensively been discussed to search for compressed dark sectors [33], neutralino DM
at the LHC [34] and future hadron collider [33, 35–37].
In this work, we explore the discovery reach for the triplet scalar DM with a disap-
pearing charged track (DCT) signature at the LHC and a prospective future 100 TeV pp
collider. We pay particular attention to the triplet interaction with the SM Higgs doublet.
Previous studies [5, 38] have neglected the corresponding Higgs portal coupling, whose
presence may modify both the DM and collider analyses in the following ways: 1) annihi-
lation cross sections of the DM, 2) the DM-nucleon spin-independent elastic cross section,
and 3) production cross sections of the charged scalars. Our analysis not only updates the
possibility of the DM candidate in the ΣSM taking into account the nonzero Higgs portal
coupling, but also investigates the reach of a DCT search at the 13 TeV LHC and pro-
vides a rough estimate at a future 100 TeV hadron collider. In undertaking our LHC DCT
analysis, we first validate our approach by recasting the ATLAS search for disappearing
tracks in Ref. [34]. In making projections for a prospective 100 TeV collider, we also take
into account present uncertainty about the impact of pileup effects, drawing on the work
of Ref. [36]. Our treatment of the DM dynamics entails solving the relevant Boltzmann
equations, including effects of coannihilation and Sommerfeld enhancement. We find that
• Utilizing the DCT signature, the LHC with
√
s = 13 TeV and L = 36 fb−1 excludes
a real triplet lighter than ∼ 287 GeV, under the assumption of a Z2-symmetry in
the corresponding scalar potential. The prospective future LHC exclusion reach is
∼ 608 GeV and ∼ 761 GeV for L = 300 fb−1 and L = 3000 fb−1 respectively. A future
100 TeV pp collider could discover a real triplet up to ∼ 3 TeV with L = 30 ab−1.
However, the precise reach of a 100 TeV collider depends significantly on assumptions
about pileup effects. Discovery of the ΣSM over the entire region of DM-viable
parameter space would require that such pileup effects are under sufficient control.
We show our results in Fig. 5 and Table 1.
• For a Higgs portal coupling of O(2.5) or larger, XENON1T rules out real triplet
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DM lighter than ∼ 3 TeV. The future XENON20T will be able to explore almost the
entire DM parameter space except for a vanishingly small Higgs portal coupling. We
present our results in Fig. 7.
This paper is organized as follows. We discuss the basic structure of the ΣSM in Sec. 2
and show our analysis on the disappearing track at the LHC and a 100 TeV pp collider in
Sec. 3. We then present the DM relic density and DM direct detection constraints in Sec. 4.
Finally, we summarize our conclusions in Sec. 5.
2 The Real Triplet Model (ΣSM)
2.1 ΣSM setup
The scalar sector Lagrangian for the ΣSM is given by
L = (DµH)† (DµH) + (DµΣ)† (DµΣ)− V (H,Σ) , (2.1)
where the SU(2) doublet Higgs H and triplet scalar Σ are cast into the form
H =
(
G+
1√
2
(
v + h+ iG0
)) , Σ = 1
2
(
Σ0
√
2Σ+√
2Σ− −Σ0
)
, (2.2)
with the Higgs vacuum expectation value (VEV) v ' 246 GeV. The covariant derivative
acting on Σ is defined by DµΣ = ∂µΣ+ig2 [Wµ,Σ] with the product of the SU(2) gauge bo-
son and Pauli matrices Wµ = W
a
µτ
a/2 (the corresponding expression for DµH is standard).
The scalar potential is expressed by
V (H,Σ) = −µ2H†H + λ0
(
H†H
)2 − 1
2
µ2ΣF +
b4
4
F 2 +
a2
2
H†HF, (2.3)
where F =
(
Σ0
)2
+ 2Σ+Σ−. In the above potential, we impose a Z2 discrete symmetry in
which Σ transforms with a Z2-odd parity while all the others are Z2-even. Therefore, the
scalar trilinear term H†ΣH is forbidden. The scalar masses are given by
m2h = 2λ0v
2, (2.4)
m2Σ0 = m
2
Σ± = −µ2Σ +
a2v
2
2
≡ m20. (2.5)
Although the charged and neutral components of Σ are degenerate at tree level, the de-
generacy is broken by an electroweak radiative correction to the mass terms. Depending
on m0, the mass difference is given by [5]
∆m = mΣ± −mΣ0 =
α2m0
4pi
[
f
(
mW
m0
)
− c2W f
(
mZ
m0
)]
, (2.6)
where α2 = g
2
2/ (4pi), mW (Z) is the W (Z) boson mass, cW = cos θW is the cosine of the
weak mixing angle, and k is a UV regulator. The loop functions are
f (r) = −r
4
[
2r3 log r − kr + (r2 − 4) 32 lnA (r)] , (2.7)
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Figure 1: Examples of contributions from the Higgs portal coupling to the DM annihi-
lation (left) and spin-independent (right) cross section. The variable q represents the SM
quarks.
Figure 2: Examples of production mechanisms of the charged scalars : the DY (left) and
ggF (right) processes.
where
A (r) =
1
2
(
r2 − 2− r
√
r2 − 2
)
. (2.8)
In the case of m0  mW , the above expression can be simplified, leading to ∆m =
(166± 1) MeV. This mass splitting ensures the decay channel Σ± → Σ0pi± is kinematically
allowed, and the corresponding rate is
Γ
(
Σ± → Σ0pi0) = 2G2F
pi
f2piV
2
ud (∆m)
3
√
1− m
2
pi
(∆m)2
, (2.9)
where the other quantities in this expression are the Fermi constantGF , pion decay constant
fpi (= 131 MeV), the CKM matrix Vud and pion mass mpi.
1 This decay mode accounts for
98% of the branching ratio, and the remaining modes are Σ± → Σ0µ±νµ and Σ± → Σ0e±νe.
And, it follows that the charged scalar has a relatively long lifetime τΣ± ∼ 0.17 ns.
2.2 Phenomenological aspects
Here, we briefly remark on two main points of our study:
• DM candidate : Σ0
In this model, the neutral scalar Σ0 can be a DM candidate. In order to render the
neutral scalar stable, in addition to the Z2 symmetry, a triplet VEV 〈Σ〉 should not
1The expression corresponds to the leading term of an expansion with respect to ∆m/mΣ± , in which
dependence on mΣ± is canceled out and only the mass difference remains.
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develop. Otherwise, the Higgs portal interaction in the scalar potential yields mixing
with the SM Higgs and allows Σ0 to decay into the the SM particles. Assuming
that Σ0 saturates the observed DM abundance, previous studies showed that the
mass of this DM candidate must be around 2.5 TeV [5, 38]. However, the results
have been obtained by neglecting the Higgs portal coupling a2. Once the portal
coupling becomes nonzero, it yields new contributions to annihilation cross section of
the DM and the DM-nucleon spin-independent cross section as in Fig. 1. In a recent
study of electroweak multiplet dark matter for higher dimensional representations
of SU(2)L, it was shown that inclusion of the non-vanishing Higgs portal coupling
can substantially alter the relationship between the relic density and dark matter
mass[15]. Consequently, in the following section, we update the analyses of the relic
density including the dependence on a2.
• Disappearing track search : Σ± → Σ0pi±
The small mass splitting between Σ± and Σ0 gives a smoking gun signature of a
disappearing charged track (DCT), which has been searched for at the LHC [34,
39]. The charged scalar can travel a macroscopic distance before decaying into the
neutral scalar and a pion, which may leave multiple hits in the tracking layers. The
produced pion has a very low momentum (∼ 100 MeV); therefore it is too soft to be
reconstructed, leading to a signature of a track that disappears. The previous study
in [7] analyzed disappearing track events in the electroweak Drell-Yann (DY) process
(left diagram of Fig. 2) with a single initial state radiation. The authors concluded
that one could expect to see several hundred track events in 100 fb−1 at the LHC.
However, for the DM mass range considered in that work the Σ0 can explain only
a portion of the present relic density. In the presence of the Higgs portal coupling,
an additional production mechanism, gluon-gluon fusion process (ggF ) in the right
diagram of Fig. 2, can increase the number of disappearing track events. In what
follows, including the ggF process, we analyze the reach with disappearing track
searches, including a mass range for mΣ0 consistent with the observed relic density.
3 Collider phenomenology with disappearing track searches
ATLAS can currently reconstruct tracks as short as O(10) cm, providing the opportunity
to search for long-lived particle with lifetimes of O(0.2) ns[34].2. We, therefore, study the
discovery potential of the ΣSM at the LHC by recasting the ATLAS search for disappearing
tracks reported in Ref. [34]. We also provide projections for the High-Luminosity LHC (HL-
LHC) and provide a rough extrapolation of the reach to a hypothetical 100 TeV collider.
We adopt a benchmark set of parameters yielding cτ = 69.2 mm throughout our study,
consistent with ∆m = 166 MeV.
2For a state-of-art review on long-lived particle searches at the LHC, see Ref. [40]
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Figure 3: Pair production cross sections of triplet particles Σ = Σ±,0 at 13 TeV and
100 TeV pp colliders as a function of mΣ0 with representative values of a2.
Fig. 3 shows the pair production cross-sections for pp → ΣΣ, with Σ = Σ±,0, at both
13 TeV and 100 TeV colliders calculated with MadGraph2.6.1 [41].3 Note that the cross
sections have some a2 dependence only when mΣ0 . 300 GeV and that mΣ . 90 GeV has
already been excluded by LEP [45].4 The a2 dependence in Fig. 3 can be understood as
follows:
• For the Σ±Σ0 final state, it is uniquely produced through qq′ →W±∗ → Σ±Σ0, and
there is no a2 dependence.
• For the Σ+Σ− (Σ0Σ0) final state, the production channels are gg/qq¯ → h∗/γ∗, Z∗ →
Σ+Σ− (gg/qq¯ → h∗ → Σ0Σ0), where the a2 dependence arises from the hΣ+Σ−
(hΣ0Σ0) vertex. However, when the triplet becomes heavy such that the square of
the parton center of mass energy sˆ > 4m2t , where mt is the top quark mass, the ggh
form factor decreases dramatically such that the Drell-Yan processes dominate. In
this regime, we thus lose the a2 dependence.
We point out that the pair production cross sections given in Fig. 3 are all calculated
at the leading order (LO) with MadGraph2.6.1. As discussed in Ref. [47], next-to-leading-
order (NLO) QCD corrections could enhance the cross section by a factor of about 2 for the
ggF process. Therefore, our production cross section above for the Σ±(0)Σ∓(0) processes
for |a2| ∼ O(1) or larger is an underestimate when the triplet is light. When the triplet is
heavy, which is relevant for our DM study as detailed below, since the ggF process will be
suppressed as discussed above, the most relevant NLO QCD corrections are those applicable
to the electroweak Drell-Yan process. As summarized in Ref. [42], the corresponding K-
factor is about 1.18 for the LHC with
√
s = 13 TeV, which corresponds to mild corrections
to our LO results. Thus, we do not expect the NLO QCD corrections to have a substantial
impact on our analysis of the LHC sensitivity. On the other hand, since the corresponding
3We compute cross sections at the LO at both 13 TeV and 100 TeV. The NLO effects are very modest,
with a K−factor of 1.18 at the 13 TeV LHC. See, e.g. the discussion in Ref. [42–44].
4LEP places a combined lower limit on chargino mass, for example, at 92.4 GeV [46].
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K-factor for a future 100 TeV collider does not exist, we will not include the corresponding
corrections in our analysis of the higher energy pp Drell-Yan process.
In what follows, we present the recast details of the ATLAS search for disappearing
tracks in Ref. [34].
3.1 Validation of the ATLAS 13TeV disappearing track search
The ATLAS 13 TeV search in Ref. [34] looks for long-lived charginos based on a DCT signa-
ture. To make sure the calibration of our simulations is reliable before its application to the
ΣSM, we first validate the ATLAS result for their electroweak anomaly-mediated supersym-
metry breaking (AMSB) benchmark model. Events are generated with MadGraph2.6.1 [41]
and showered with Pythia8 [48]. Our detector simulation is based on a custom made code
which replicates the ATLAS 13 TeV search.
The ATLAS search selects events with large missing transverse momentum (/pT ), and
the signal topology targeted is characterized to have a high-pT jet to ensure large /pT . A
candidate event is required to have at least one “pixel tracklet”, which is a short track
with only pixel hits (i.e with no associated hits in the the strip semiconductor tracker or
SCT). Furthermore, the candidate pixel tracklets are required to have pT > 100 GeV. In
Ref. [34], the authors interpreted the result in the context of AMSB for both electroweak
and strong production of charginos. We use the efficiency maps directly on Monte Carlo
truth information (i.e., generator-level chargino decay position, η and pT ), as we can not
simulate the tracklet’s quality requirements and disappearance condition.
Backgrounds for disappearing tracks can arise from charged particles scattered by the
material and fake tracks. The ATLAS search in [34] provides a functional form for the pT
distribution of fake tracklets, which can be used to estimate the fake tracklet background.
We do not perform any background estimation in this article given the complexity of the
estimation. Instead, we compare with the ATLAS model independent upper limit on the
cross section in Sec. 3.2 for the 13 TeV case. For the 100 TeV case, we use the results
in Ref. [36], and show our result in Sec. 3.3. Earlier projections from disappearing track
searches from a compressed dark sector at 100 TeV were carried out in [33].
Our reconstruction proceeds as follows. At the generator level, /pT is reconstructed as
the vector sum of the pT of neutrinos, neutralinos and charginos since the tracklet pT is not
used in the experimental reconstruction of missing transverse momenta. We reconstruct
jets with FastJet3.1.3 [49] with R = 0.4, and take as input all particles but muons,
neutrinos, neutralinos and charginos with cτ > 10 mm.
We use the benchmark SLHA files provided by the ATLAS collaboration and consider
electroweak production of charginos via pp → χ˜±1 χ˜01j and pp → χ˜+1 χ˜−1 j at 13 TeV in
MadGraph. We store the chargino decay vertex by setting the time of flight variable in
the run card, decay the chargino in Pythia and match our events with up to two extra
partons using the MLM prescription [50].
The following analysis selection criteria are imposed:
• Trigger : /pT > 140 GeV
• Lepton veto : no electrons or muons
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• Jet pT /∆φ : at least one jet with pT > 140 GeV, and ∆φ between the /pT vector and
each of the up to four hardest jets with pT > 50 GeV to be bigger than 1.0
In what follows, we use “overall event level efficiency” to refer to the efficiency after
these selection cuts. On top of these event selection requirements, we correct for detec-
tor effects and resolutions by multiplying the overall event level efficiency with the event
efficiency provided by ATLAS in Table 2 of [34].5
Then we proceed to select tracklets and require the following:
• Tracklet selection : at least one tracklet (generator-level chargino) with :
– pT > 20 GeV and 0.1 < |η| < 1.9
– 122.5 mm < decay position < 295 mm
– ∆R distance between the tracklet and each of the up to four highest−pT jets
with pT > 50 GeV to be bigger than 0.4
– we apply the tracklet acceptance × efficiency map6 provided by ATLAS, which
is based on the decay position and η. This is applied to selected tracklets passing
the above selections.
• Tracklet pT : Select tracklets with pT > 100 GeV.
In what follows, we use “overall tracklet efficiency” to refer to the efficiency after
these tracklet selection cuts. We correct our overall tracklet efficiency by a factor of 0.57,
as presented in the last column of Table 2 from Ref. [34], which takes into account the
experimental efficiency for reconstructing a tracklet with pT > 100 GeV.
In Fig. 4, we show the ATLAS result and our result by following the cutflow of Table
1 in Ref. [34]. As can be seen from the plot, we reproduce the overall efficiency after all
selection requirements are imposed. For (mχ˜±1
, cτχ˜±1
) = (400 GeV, 59.96 mm), the final
efficiency for ATLAS is 0.38% and we obtain 0.43%.
3.2 Sensitivity of the ΣSM at the LHC
For the ΣSM, we apply the same selection cuts as discussed in Sec. 3.1, but we now replace
the chargino with the charged Σ. ATLAS presents a model-independent observed limit at
95% confidence level (CL) in table 4 of Ref. [34], σobs95 = 0.22 fb for L = 36.1 fb−1 and√
s = 13 TeV. We calculate our theoretical cross section σtheory ≡ σ× for each mass point
and compare that with σobs95. If the ratio σtheory/σobs95 > 1, then we consider the point
to be excluded. The result is presented in Fig. 5.
Now, we also extrapolate our limit to higher luminosities. Since S ∝ the total
integrated luminosity L, and B ∝ L, the sensitivity scales as √L. Thus, we expect
σobs95 ∝ 1/
√L. We also show the extrapolated √s = 13 TeV results at HL-LHC in Fig. 5.
5Note that Table 2 is provided and meant to be used for reinterpretation purposes, so we consider the
event efficiencies and tracklet probability or TP in our validation, and later for our signal.
6 We use auxiliary figure 9 of [34] directly to account for the tracklet efficiency.
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Figure 4: Validation of the ATLAS disappearing track search efficiency for a chargino
produced electroweakly with (mχ˜±1
, cτχ˜±1
) = (400 GeV, 59.96 mm). The black curve corre-
sponds to the ATLAS efficiency in Table 1 of Ref. [34] and the red curve corresponds to
our simulation. The bottom rectangle shows the ratio of ATLAS’s result to our estimate.
From Fig. 5, we find that the 13 TeV LHC excludes a triplet lighter than ∼ 287 GeV
L = 36 fb−1. We project corresponding exclusion reaches of ∼ 608 GeV and ∼ 761 GeV for
L = 300 fb−1 and 3000 fb−1 respectively.
3.3 Sensitivity of the ΣSM at a 100TeV pp collider
To assess the prospective sensitivity of a future 100 TeV pp collider, we rescale the leading
jet pT and the /pT cuts as suggested in [36] with the following selections:
• Trigger : /pT > 1 TeV or /pT > 4 TeV depending on the benchmark as discussed below.
• Lepton veto : no electrons or muons.
• Jet pT /∆φ : at least one jet with pT > 1 TeV, and ∆φ between the /pT vector and
each of the up to four hardest jets with pT > 50 GeV to be bigger than 1.0.
The tracklet selection and tracklet pT cut remain the same as in the 13 TeV case. The
number of expected signal events at a 100 TeV pp collider with 30 ab−1 of luminosity are
– 9 –
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Figure 5: 95% CL limits at the 13 TeV LHC versus mΣ0 and projected sensitivity with
higher luminosities.
Benchmark σ [pb]  S B S/
√
B
mΣ± = 1.1 TeV, µ = 200 5.8× 10−2 3.17× 10−4 553 673 21.3
mΣ± = 1.1 TeV, µ = 500 5.8× 10−2 3.17× 10−4 553 8214 6
mΣ± = 3.1 TeV, µ = 200 9.4× 10−4 4.69× 10−4 13.3 1.9 9.6
mΣ± = 3.1 TeV, µ = 500 9.4× 10−4 4.69× 10−4 13.3 27 2.6
Table 1: Cross section, overall event efficiency , number of expected signal (background)
events S (B) with L = 30 ab−1 and significance S/√B at a 100 TeV pp collider for two
benchmarks with (mΣ± , cτχ±1
) = (1.1 TeV, 59.96 mm) and (mΣ± , cτΣ±) = (3.1 TeV, 59.96
mm), wherein the table µ¯ represents the average number of pp interactions per bunch
crossing. See the text for details.
given in Table 1, for two benchmarks. For the 1 (3) TeV benchmark point, the trigger
threshold used is 1 (4) TeV.
The authors in [36] carefully considered the effect that multiple pp collisions occurring
simultaneously with a signal event (pileup) would have on the background. For each
benchmark case, we adopt their fake tracklet background numbers considering the two
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different pileup scenarios described in [36]. We consider two values for µ – the average
number of pp interactions per bunch crossing – the authors studied: µ = 200 and µ = 500.
Values of B in our Table 1 are taken directly from Table 3 and 4 of [36]. We then estimate
the significance as S/
√
B. We conclude that a 100 TeV pp collider could discover mΣ0 =
1 TeV and mΣ± = 1.1 TeV (significance larger than 5σ) for both pileup scenarios. While
with controlled pileup scenario (µ < 500), the 100 TeV collider could discover real triplet
scalars with masses up to mΣ0 = 3 TeV and mΣ± = 3.1 TeV. As we discuss below, this
reach would cover the entire DM viability range for portal coupling having a magnitude
∼ O(1) and below. We also stress that by optimizing the inner-tracker layout as done in
Ref. [36], more optimal reach for the ΣSM could be attained.
4 Triplet dark matter and direct detection
In Sec. 3, we discussed ΣSM DM searches from the DCT signature at the LHC and a
100 TeV pp collider. We find that, as shown in Fig. 5, the 13 TeV LHC can only reach
the mΣ ∼ O(100 GeV) parameter space. However, as has been previously studied in
Refs. [5, 38] in the case when a2 = 0, mΣ0 has to be about 2.5 TeV in order to account for
the entire DM relic density. Such a TeV scale is beyond the reach of the LHC, while for
a 100 TeV pp collider, the reach may extend to mΣ0 ∼ 3 TeV if pileup is under sufficient
control. Recall that for both colliders, the impact of the Higgs portal interaction with
coefficient a2 is minimal, except for the very light mass regime that is already excluded by
LEP bounds. It is interesting, however, to study the interplay between the collider reach
and DM dynamics in the presence of a non-vanishing Higgs portal interaction. As already
observed in Ref. [15] for higher dimensional electroweak multiplet DM, the impact of the
portal coupling on DM dynamics and direct detection sensitivity can be substantial. With
this observation in mind, in this section, by taking non-zero a2 into account, we discuss the
parameter space where the ΣSM can generate the measured DM relic density. We discuss
constraints from DM direct detection at the end of this section.
4.1 Brief review of the Boltzmann equation with coannihilation
We assume that the DM particles stay in thermal equilibrium with the SM particles in
the early universe. Due to the expansion of the universe, they eventually freeze out from
the SM thermal bath when their annihilation rate is smaller than the Hubble rate. To
understand how the DM abundance evolves with the expansion of the universe, one can
solve the Boltzmann equation7
dY
dx
=
1
3H
ds
dx
〈σvMøller〉T (Y 2 − Y 2eq), (4.1)
where x ≡ mDM/T , Y(eq) ≡ n(eq)/s, s is the total entropy density of the universe, n is the
DM number density , neq is the number density when the DM is in thermal equilibrium
with the SM thermal bath, T is the temperature of the SM thermal bath, H is the Hubble
7For reviews on this topic, see, for example, Refs. [51, 52].
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rate, vMøller ≡
√
(p1.p2)2 −m21m22/(E1E2) is the Møller velocity8, and 〈σvMøller〉T is the
thermal-averaged annihilation cross section.
However, as discussed in Sec. 2, Σ± is only 166 MeV heavier than our DM candidate
Σ0. Consequently, coannihilation – as first discussed in [53, 54] – needs to be included. To
do so, we follow the general procedure described in Ref. [55] and rewrite the Boltzmann
equation as
dY
dx
=
1
3H
ds
dx
〈σeffvMøller〉T (Y 2 − Y 2eq), (4.2)
where 〈σeffvMøller〉T can be written in a compact form:
〈σeffvMøller〉T ≡
∫ ∞
0
dpeffp
2
effWeffK1
(√
s˜
T
)
m4DMT
[∑
i
gi
gDM
m2i
m2DM
K2
(mi
T
)]2 , (4.3)
and now with Y ≡ ∑
i
ni/s with ni the number density of species i which is either the
DM particle or other particles that will eventually decay into the DM particle, K1(2) the
Bessel function of the first (second) kind, s˜ the Mandelstam variable, gi the number of
degrees of freedom of species i, mDM the mass of DM, peff =
√
s˜/4−m2DM and Weff =∑
ij
(4p2ij/peff)(gigi/g
2
DM)
√
s˜σij , where pij =
√
(s˜− (mi +mj)2)(s˜− (mi −mj)2)/(2
√
s˜) and
the indices i, j are the same as that in aforementioned ni.
During the evolution of the universe, one can track the DM number density by solving
Eq. (4.2). To get the current DM relic density, noting that Y  Yeq after the freeze-out,
one has
1
Y0
=
1
Yf
+
∫ xf
x0
dx
1
3H
ds
dx
〈σeffvMøller〉T , (4.4)
with xf(0) = mDM/Tf(0), Tf(0) the freeze-out (current) temperature, Yf the yield of DM at
freeze-out and Y0 the current yield of DM. Knowing Y0, one can then compute the current
dark matter relic density from
ΩDMh
2 =
ρ0
ρc
h2 =
8piGs0Y0mDM
3× 104 , (4.5)
with ρc = 3H
2/(8piG) the critical density, G the gravitational constant and s0 the current
entropy density.
4.2 Triplet dark matter relic density
In Sec. 2, we have discussed that Σ0 becomes our DM candidate in the presence of a discrete
Z2 symmetry and with 〈Σ〉 = 0. For the coannihilation processes discussed above, we list
in Table 2 all relevant processes to be considered.
8The subscripts 1 and 2 correspond to particle labels for the initial state of a general 2 → n scattering
process.
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Annihilation Coannihilation
*Σ0Σ0 →W±W∓ Σ0Σ± → ff¯ ′ *Σ±Σ∓ → ff¯ *Σ±Σ∓ → hγ Σ±Σ∓ → νν¯
*Σ0Σ0 → ZZ Σ0Σ± →W±Z *Σ±Σ∓ →W±W∓ *Σ±Σ∓ → hh Σ±Σ± →W±W±
*Σ0Σ0 → hh Σ0Σ± →W±γ *Σ±Σ∓ → ZZ Σ±Σ∓ → Zγ
*Σ0Σ0 → ff¯ *Σ0Σ± →W±h *Σ±Σ∓ → Zh Σ±Σ∓ → γγ
Table 2: Annihilation and coannihilation processes related to the DM relic density calcu-
lation, where f = e, µ, τ, u, d, c, s, t, b and ν = νe, νµ, ντ . Processes starting with an asterisk
(*) are a2 dependent.
Figure 6: Left panel: The parameter space that can explain current DM relic density
without including the Sommerfeld effect. Numbers in boxes on the curves correspond to
the fractions of ΣSM contribution to the total DM relic density measured by Planck [4].
The red dashed (solid) line corresponds to the exclusion limit obtained from Fig. 5 for the
LHC with L = 300 (3000) fb−1, and the black dashed and solid lines correspond to the
≥ 5σ discovery benchmark points we obtain in Table 1 for a future 100 TeV pp collider with
L = 30 ab−1. Right panel: Same as the left but with the Sommerfeld effect included.
In the analysis of Ref. [38], the authors obtained the ΣSM relic density for a2 = 0. We
now turn our attention for the case with non-vanishing Higgs portal coupling. To study the
effects of a2 on the DM relic abundance, we first use LanHEP [56] to generate the model file.
We then implement the model file in CalcHEP [57] in order to calculate the annihilation
and coannihilation cross sections.9 Then we use Mathematica and Python to solve the
Boltzmann equation, Eq. (4.2).
9We have checked that all the cross sections are in agreement with our hand-calculated results.
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Our results are shown in Fig. 6, where we indicate the fraction of the relic density
given by the Σ0 (colored bands) in the (mΣ0 , a2) plane.
10 Numbers in boxes on the curves
correspond to the fraction of the relic density comprised by the Σ0, where the total relic
density has been measured by the Planck collaboration [4]. The red dashed and solid
vertical lines correspond to the collider exclusion limits we have obtained from the DCT
signature as shown in Fig. 5. Note that the exclusion limit from L = 36 fb−1 in Fig. 5,
which is ∼ 287 GeV, is not explicitly shown in Fig. 6 as we assume mΣ0 > 2mSM so the
real triplet can decay into all possible SM final states. Black dashed and solid vertical lines
in Fig. 6 are the discovery reach we obtain for a future 100 TeV pp collider in Table 1 under
the optimistic pileup scenario.
From the left panel of Fig. 6, one might na¨ıvely conclude that the LHC (HL-LHC)
requires the triplet to contribute at least ∼10% (20%) of the total DM relic abundance
from our study on the null DCT signature, as indicated by the red dashed (solid) vertical
line. One would further conclude that if the triplet is the only component of DM, mΣ is
required to be & 2 TeV (mΣ ' 2 TeV when a2 '0.), which is consistent with the previous
studies [5, 38].
However, when Σ0 is of O( TeV), SM particles can be effectively taken as massless
and non-perturbative contributions to the cross sections, also known as the Sommerfeld
effect, need to be included [59]. To do so, we first obtain the ratio of DM relic abundance
between the two curves in the upper left panel of Figure 3 in Ref. [38]. We then rescale
our thermal-averaged cross sections in Eq. (4.2) by the corresponding factor for each mΣ
11,
and show our results in the right panel of Fig. 6. The feature near mσ ∼ 2.5 TeV indicates
the existence of a DM bound state due to the attraction between DM particles from the
Sommerfeld effect.12 Now due to the Sommerfeld enhancement of 〈σeffvMøller〉, DM freezes
out from the SM thermal bath at a later time and results in a smaller DM relic density.
Therefore, for a fixed a2, the DM particle has to be heavier to freeze out earlier in order
to explain the observed DM relic density. On the other hand, if the DM mass is fixed,
then the coupling between DM and SM doublet has to decrease to have a smaller cross
section for the DM to decouple from the SM thermal bath earlier. Note that now both the
LHC and the HL-LHC would require the triplet to contribute at least about 10% of the
total DM relic abundance if no disappearing track signature is observed at 95% CL. For
the ΣSM to saturate the DM relic density, one must have mΣ & 2.5 TeV.
4.3 Triplet dark matter direct detection
The Σ can interact with SM particles via the a2 term in the Lagrangian. Again, as
noted previously for higher dimensional electroweak multiplet DM, the presence of non-
vanishing Higgs portal interaction can significantly enhance the cross section for DM-
10We have an agreement with Ref. [38] when a2 = 0. For a general a2, our relic density agrees with that
calculated with MicrOMEGAs [58].
11For mΣ & 3 TeV, we make an extrapolation. And for each mΣ, we use the same rescaling factor
regardless of a2.
12The dip always appears near mΣ ' 2.5 TeV because we use the same factor obtained from Ref. [38] to
rescale 〈σeffvMøller〉.
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Figure 7: Scaled spin-independent cross section σscaledSI on the a2-mΣ plane. Left panel:
Exclusion regions when the Sommerfeld effect is not included, where the yellow region is
the constraint from LUX [60], purple from PandaX-II [61], blue from XENON1T [62] and
green from the projected XENON20T. The vertical lines have the same meaning as in
Fig. 6. Right panel: Same as the left but with the Sommerfeld effect included.
nucleus scattering[15]. Therefore, we anticipate that for non-vanishing a2, the spin-independent
(SI) cross section from dark matter scattering off nucleons can be severely constrained from
deep underground experiments such as LUX [60], PandaX-II [61] and XENON1T [62].
Historically, the SI cross section was first studied by using the effective Lagrangian
between DM and light quarks and gluons by Drees and Nojiri [63] and then followed by
Refs. [15, 64–69]. Here we adopt the formula in Ref. [15] for mΣ  mW  mq (q = u, d, s)
and write the SI cross section as
σSI =
µ2
4pi
m2N
M2Σ
(
fN
a2
m2h
+
3
4
fT f
PDF
N
)2
,
where fT =
α22
4m2W
{
ω lnω + 4 +
(4− ω)(2 + ω) arctan 2bω/
√
ω
bω
√
ω
}
,
(4.6)
with µ = mNmΣ(mN+mΣ) the reduced mass, ω =
m2W
m2Σ
, mN the nucleon mass, fN the SI effective
coupling with fN ' 0.287(0.084) for N = p (n) [58], fPDFN = 0.526 [70] the second moment
of nucleon parton distribution function (PDF) and fT the effective coupling of the twist-two
operator in the effective Lagrangian.
Using Eq. (4.6) and recasting constraints from LUX, PandaX-II and XENON1T onto
the a2-mΣ plane, we calculate the scaled SI cross section, which is defined as
σscaledSI ≡
σSIΩh
2
(Ωh2)Planck
with (Ωh2)Planck = 0.01198 [4], (4.7)
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and plot constraints from those experiments in Fig. 7. In both plots, the yellow region
corresponds to the exclusion limit from LUX, the purple region is excluded from PandaX-
II, the blue region is excluded from XENON1T, and the green region is the projected
exclusion limit from XENON20T [62]. Several points are worth stressing:
• Among the considered underground experiments, XENON1T gives the most stringent
constraint in the a2-mΣ parameter space. As can be seen from the left (right) panel
of Fig. 7, XENON1T excludes mΣ . 3.2 (2) TeV for |a2| ' 4 when the Sommerfeld
effect is not (is) included. However, for |a2| . 0.25, the triplet can be as light as
O(100 GeV), but cannot saturate the current DM relic density, as seen in Fig. 6.
• From Fig. 6 and Fig. 7, we conclude that, with or without including the Sommerfeld
enhancement effect, current DM direct detection still permits the real triplet to be
the sole DM candidate. Moreover, looking into the future, XENON20T will cover
almost the entire parameter space of the ΣSM. Therefore, it is very promising for
XENON20T to directly observe the signal of a real triplet DM.
• As can be seen from the right panel of Fig. 7, when the Sommerfeld effect is included,
exclusion regions from deep underground experiments all shrink. The reason is that,
after including the Sommerfeld effect, the theoretical DM relic density Ωh2 at the
same point in the plane becomes smaller due to a later freeze-out, as also seen in
Fig. 6. As a result, σscaledSI also becomes smaller and the corresponding parameter
space is less constrained.
• In both plots of Fig. 7, the red dashed (solid) line corresponds to the exclusion limit
we obtain in Fig. 5 for the LHC with L = 300 (3000) fb−1 and the black dashed and
solid lines correspond to the ≥ 5σ discovery benchmark points we have in Table 1
for a future 100 TeV pp collider with L = 30 ab−1. As one may see, the LHC can
only reach the low mass regime up to about 1 TeV, well below the mass required to
saturate the relic density. However, a future 100 TeV pp collider will reach further
into the TeV regime. In particular, in the white regions where XENON20T loses its
sensitivity when |a2| . 0.1, future hadron colliders will be the key for model discovery.
• Theoretical constraints on the triplet potential including bounded from below, uni-
tarity and perturbativity have been studied in Ref. [71, 72] and recently reviewed in
Ref. [73]. For the parameter space we consider here, perturbativity and perturbative
unitarity are satisfied with a cutoff scale Λ & 106 GeV (Λ ' 106 GeV for a2 ' 4)
as implied in the right panel of Figure 1 in Ref. [73]. Requiring perturbativity and
perturbative unitarity up to a higher scale will result in a smaller upper bound on a2
than what we choose in Fig. 7.
5 Conclusions
We consider a simple extension of the SM with a real triplet Σ, which transforms as (1,3,0)
under the SM gauge group. The charged triplet component, Σ±, has a degenerate mass
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as the neutral component, Σ0, at tree level, but receives electroweak radiative corrections
to become 166 MeV heavier than Σ0 at the one-loop level. The neutral component Σ0
becomes stable and a dark matter candidate if 〈Σ〉 = 0 and an additional discrete Z2
symmetry is imposed. Due to the small mass splitting between Σ± and Σ0, Σ± becomes
relatively long-lived, with the dominant decay channels being Σ± → pi±Σ0. The pion in
the final state is too soft to be reconstructed in colliders. Therefore, once Σ± is produced
at colliders, a disappearing track, to which the LHC is currently sensitive, can be observed.
In this paper, the disappearing track signature at the LHC and a hypothetical 100 TeV
pp collider is studied. We reproduce the ATLAS disappearing track efficiency in Ref. [34],
as shown in Fig. 4, and then apply the same setup to our model. Our simulation result
for the ΣSM is shown in Fig. 5. We find that, using the disappearing track signature,
the 13 TeV LHC excludes a real triplet lighter than 287 GeV, 608 GeV and 761 GeV for
L = 36 fb−1, 300 fb−1, 3000 fb−1 respectively. We also extrapolate the disappearing track
efficiency for a 100 TeV pp collider and study the reach at two benchmark points represen-
tative of FCC-pileup conditions, following the study by the authors in [36]. We find that,
even though the LHC can only cover the O(100 GeV) regime of the ΣSM, a 100 TeV pp
collider will potentially be able to reach the TeV regime of the parameter space, provided
that future pileup levels remain low, as shown in Table 1. We stress that this is a motiva-
tion for more detailed experimental studies at 100 TeV, as they can alter the potential of
discovering the ΣSM significantly.
On the other hand, understanding the particle nature of DM has been a profound
problem in modern particle physics. It has been known that to explain the current DM
relic density measured by the Planck satellite, the triplet needs to be heavier than about
2.5 TeV, way above the scale that can be reached by the LHC. However, the triplet DM
can interact with the SM particles via a Higgs portal coupling a2 and the effects can be
observed through DM direct detection from nucleon recoils. We investigate the constraints
from LUX, PandaX-II, XENON1T and the projected XENON20T, and show our result in
Fig. 7. We find that currently XENON1T gives the most stringent constraint on our model
parameter space and, for example, has excluded a triplet lighter than ∼ 3 TeV for |a2| ' 4.
In the future, XENON20T will be able to cover almost the entire parameter space of the
ΣSM model, except for |a2| . 0.1, where the interaction between the DM and the nucleons
becomes too weak for deep underground detectors to have any sensitivity. Fortunately, a
100 TeV pp collider could have the chance to explore this region in the future.
Note added: While finishing up this work, Ref. [73] appeared and also focused on the
phenomenology of the ΣSM. The main difference is that in our work, we focus on the Σ0
dark matter scenario only (our neutral triplet scalar is fully stable). We compute the relic
density including the Sommerfeld effect and investigate constraints from the direct detec-
tion, including projections for XENON20T. For the collider analysis, we take a different
approach. We implement all cuts and corrections for the disappearing track search and
project to the HL-LHC – The current ATLAS limit we obtain is consistent with that in
Ref. [73]. We also discuss discovery prospects at a future100 TeV pp collider. Our work
complements that in Ref. [73].
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